Element-specific study of local segmental dynamics of polyethylene terephthalate upon physical aging J. Chem. Phys. 137, 104906 (2012) Characterization of vacancy-type defects in heteroepitaxial GaN grown by low-energy plasma-enhanced vapor phase epitaxy J. Appl. Phys. 112, 024510 (2012) Free volume dilatation in polymers by ortho-positronium J. Chem. Phys. 136, 244902 (2012) Positron annihilation studies of fluorine-vacancy complexes in Si and SiGe J. Appl. Phys. 111, 073510 (2012) Additional information on Appl. Phys. Lett. We used a slow positron beam to investigate the depth dependence of the positron-electron pair momentum distribution in ZnSe layers grown on a GaAs substrate. We report evidence that positrons annihilate in lattice in undoped ZnSe and at vacancies in heavily n-type ZnSe. It is also demonstrated that positrons in semi-insulating ZnSe are drifted to GaAs by fields of 1-3 kV/cm.
Recent results in the application of ZnSe and related compounds in optoelectronic devices have increased the need for a better knowledge on the defect structure of this material. Most of the new applications involve thin layers and heteroepitaxial structures. The ZnSe/GaAs heteroepitaxial interface poses difficult problems because of the structural and electrical differences between the two crystal lattices. Positron annihilation has been earlier used in epitaxial ZnSe to investigate the atomic structure of defects. [1] [2] [3] Due to their positive charge, positrons can be trapped by neutral or negative vacancy-type defects where annihilation with electrons gives rise to a positron-electron pair momentum distribution distinct from annihilation in lattice and characteristic of the open volume of the defect. Positron annihilation is seldom used to investigate electrical fields. However, positrons can be easily drifted in electrical fields existing near interfaces or surface regions. 4 In this work, we use a slow monoenergetic positron beam of variable energy to investigate vacancy-type defects and electrical fields at the ZnSe/ GaAs interface in molecular beam epitaxy ͑MBE͒ and metalorganic vapor phase epitaxy ͑MOVPE͒ ZnSe layers grown on a semi-insulating ͑SI͒ ͑001͒ GaAs substrate.
Two n-type ͑VL1,2͒ I doped, two SI ͑VL3,4͒ MOVPE, and three ͑BL5,6,7͒ undoped MBE ZnSe layers with thicknesses varying from 1.3 to 6.0 m were measured. The precision of the thickness measurement is Ϯ5% and Ϯ500 nm for the MOVPE and MBE samples, respectively. The n-type VL1,2,3 layers were grown from dimethyl-zinc ͑DMZn͒ and H 2 Se precursors. VL1 and 2 were found to be unintentionally doped by iodine. The electron concentration decreases from n ϩ ϭ1.3ϫ10 19 cm Ϫ3 in VL1 to n Ϫ ϭ1.7 ϫ10 17 cm Ϫ3 in VL2. The SI VL3 layer shows a high concentration of deep centers in optical measurements. For the SI VL4 layer, triethylamine dimethylzinc was used as a Zn precursor and no deep centers were found. The MBE layers were grown under different stochiometric conditions. The P Zn / P Se pressure ratio increases from 0.56 in BL5 to 0.68 in BL6 and 1.0 in BL7. To avoid formation of a Ga 2 Se 3 interface layer, the Zn source was opened about 0.5 s before the Se one. 5 The e ϩ -e Ϫ pair momentum distribution was measured at 300 K by recording the Doppler broadening of the 511 keV annihilation line with a high-resolution ͑full width at half-maximum 1.2 keV͒ Ge detector. The broadening of the annihilation ␥ line, ⌬E ␥ , is proportional to the momentum component of the annihilating electron-positron pair, p 1 , along the emission direction of the ␥ photons: 2⌬E ␥ ϭcp L . The shape of the momentum distribution is characterized by two parameters, the fraction of low momentum annihilations near the center of the peak (S) and the fraction of high momentum annihilations taking place in the wings (W).
The BL5,7 MBE layers give similar spectra and only that of BL5 is displayed. Figure 1 shows that in undoped BL5, VL4, and n-type VL2 W(E) increases and then tends to be constant above 12 keV in BL5, 15 keV in VL4, and 13 keV in VL2. Above a certain depth, positrons see the layers as homogeneous. The (S,W) values vary, indicating the existence of different annihilation states. In Figs. 1͑a͒ and 1͑b͒, W(E) for BL6 and VL3 goes through a slight maximum, increasing strongly from 0.3 to 14 keV in BL6, 12 keV in VL3, and then decreasing slightly at higher energy. Positrons annihilate from several annihilation states due to inhomogeneities.
A program using a semilinear fitting method 4 ͑VEPFIT͒ was used to fit the S(E), W(E) in models considering the energy dependent probability that annihilation occurs at the surface, in the ZnSe lattice, ZnSe defects, the GaAs substrate, and at the ZnSe/GaAs interface. In the analysis of the data, we use the following property 6 of S and W when they result from the mixing of only two distinct annihilation signals (S 1 , W 1 ) and (S 2 , W 2 ). As the annihilation probabilities vary, the curve S(W) is a straight line between (S 1 , W 1 ) and (S 2 , W 2 ). The slope of the line can be used as a fingerprint to distinguish between the combination of different annihilation states. 
The reproducibility of the (S,W) values on the plateau in layers BL5,7 and VL2 with different dopings suggest that positrons annihilate mainly from one annihilation state. Figure 2 shows that in BL6 and VL3, S(W) above 10-11 keV is a straight line going through the (S,W) values found in BL5,7 and VL2. Figure 3 shows also the same properties for the S(W) line formed by the data in VL2. It can then be inferred that the same annihilation state exists in all undoped layers. This state gives rise to (S,W) values, which are the ͑lowest, highest͒ we observe in the layers. Such properties are expected for annihilation in the lattice and, thus, we define ͓0.5280͑5͒, 0.0445͑5͔͒ as (S b , W b ) in the ZnSe lattice.
The n-type layers VL1,2 show remarkably different behaviors. VL2 (n Ϫ ) give nearly the same (S,W) values as the ZnSe lattice. In VL1 (n ϩ ), S is higher than in lattice by 1.3% and W is lower by 10% at 25 keV energy. ϭ0.007 38 ϫE ͓keV͔ ͑see Refs. 1 and 6͒ is displayed on the top axis ͑ is the density in g/cm Ϫ3 ͒. unfortunately drawn without proper analysis of the effect of annihilation in the GaAs substrate, which give vacancylike characteristics when compared to the ZnSe lattice. We can, however, compare the vacancy-type defects detected by Wei et al. 2 with our results as follows: We calculate the relative (S/S b ,W/W b ) values in the MOVPE-grown ZnSe/GaAs layer annealed under N 2 atmosphere above 5 keV where positrons annihilate in ZnSe. In Fig. 3 , the data fall on the same straight line as our data. This agreement between the two sets of data indicate that positrons detect the same vacancy-type defects. From the data of Wei et al., where from 5 to 10 keV positron trapping is saturated, we can estimate the values of the momentum fractions characteristic of the vacancy-type defect
FIG. 2. Low momentum annihilation fraction
. These values are typical for monovacancies in II-VI compounds, 3, 6 and we attribute them to the negatively charged V Zn vacancy.
In undoped SI VL3 and BL6, the nonlinearity of the S(W) curves in Fig. 3 up to 10-11 keV shows that positrons annihilate from more than two states in the near-surface region, up to 0.3 m. Above 15 keV, there are only two annihilation states with S(W) straight lines going through the ZnSe lattice and the GaAs substrate. Consequently, positron annihilation seems to distribute between the ZnSe lattice and the GaAs substrate. The W decrease observed above 11 keV in VL3 and BL6 is, however, several times greater than the decrease predicted in a model assuming simply implantation and diffusion in ZnSe and GaAs. W GaAs is 8% lower than W b . For example, in BL6, this model cannot explain the 5% W decrease at Eϭ25 keV, even for the lower estimate of BL6 thickness 2 m for which 17% of positrons are implanted into GaAs. Positron diffusion in the ZnSe/GaAs region is disturbed. Structural imperfections may account for the effect. It is, however, difficult to explain why positron annihilation in strained lattice, at dislocations, or at interface induced defects would give accidentally in ZnSe characteristics similar to that of the GaAs substrate.
One can simply reproduce the experimental curves S(E), W(E) in VL3 and BL6 by including an electric field near the interface, which induces a positron drift towards the substrate. The thickness of the field region can be estimated from the amount of positrons found to annihilate in the substrate. At 25 keV in BL6, one can determine from the data that nearly 70% of the positrons reach the substrate before annihilation. The depth where 30% of the beam intensity is absorbed in ZnSe is approximately 1.5 m at 25 keV. Consequently, all positrons implanted beyond 1.5 m reach the substrate in BL6. We can estimate the electric field by fitting the data in a simplified model involving a sublayer near the interface where a constant electric field exists. In this sublayer, annihilation takes place in the ZnSe lattice. A model with Eϭ3 kV/cm across 1.5 m in BL6 and a 0.7 kV/cm field across 500 nm in BL3 fit well with the experimental data as shown by the full curves in Fig. 1 .
The growth of VL3,4 have been performed with different precursors. According to optical data, VL3 contains deep acceptors whereas VL4 does not. Positrons annihilate in the lattice in VL3, which suggests that the deep acceptors are ion type or vacancy type in concentrations less than 10 15 cm
Ϫ3
. Positron annihilation in VL4 seems quite inhomogeneous especially in the near-surface region where vacancy-type defects are detected.
In conclusion, in this work, we have found that positrons annihilate from a lattice in undoped MOVPE-and MBEgrown ZnSe and at zinc vacancies in heavily n-type MOVPE layers. We have also demonstrated how to discriminate the positron trapping effect at the ZnSe/GaAs interface from the positron drift in an electric field near the interface. A strong field drifting positrons towards the interface has been observed in undoped MOVPE and MBE ZnSe.
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